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In mice, recent thymic emigrants (RTEs) make up a large part of the
naive T cell pool and have been suggested to be a distinct
short-lived pool. In humans, however, the life span and number of
RTEs are unknown. Although 2H,0 labeling in young mice showed
high thymic-dependent daily naive T cell production, long term up-
and down-labeling with 2H,0 in human adults revealed a low daily
production of naive T cells. Using mathematical modeling, we
estimated human naive CD4 and CD8 T cell half-lives of 4.2 and 6.5
years, respectively, whereas memory CD4 and CD8 T cells had
half-lives of 0.4 and 0.7 year. The estimated half-life of recently
produced naive T cells was much longer than these average
half-lives. Thus, our data are incompatible with a substantial
short-lived RTE population in human adults and suggest that the
few naive T cells that are newly produced are preferentially
incorporated in the peripheral pool.

recent thymic emigrants | T cell half-lives | T cell production

he role of the thymus in HIV infection is still poorly
understood (1, 2). On the one hand, thymic failure has been
suggested to play a crucial role in CD4 T cell loss during HIV
infection (3), and rapid thymic rebound has been proposed to be
responsible for T cell reconstitution during anti-viral treatment
(4). However, it has been argued that thymic output in adults
might be too low to have a large impact on CD4 T cell depletion
(5). In general, these issues are addressed with estimates of
thymic output, naive and memory T cell production rates, and
life spans that are simply extrapolated from observations in mice,
monkeys, and lymphopenic or irradiated humans (6-11).
Naive T cells are generally thought to turnover relatively slowly,
but it has been suggested that, in mice, a considerable part of the
naive T cell pool consists of RTEs with relatively rapid turnover (9,
10, 12). In humans, naive T cell numbers, T cell receptor excision
circles (TRECs), and expression of CD31 have been used to
measure thymic output (7, 13, 14). Dion et al. (4) observed rapid
changes in the Sj/VB TREC ratio within 3 months after infection
with HI'V, which suggested the presence of a rapidly turning over
RTE pool in human adults containing most of the TRECs in the
periphery, similar to young rodents and chickens (15, 16). However,
because TRECs are long-lived, none of these approaches is specific
for T cells that have recently emigrated from the thymus (1, 2, 5),
and, therefore, they fail to quantify thymic output in humans.
Peripheral T cell proliferation might also contribute to the
maintenance of the naive T cell pool in human adults; however,
it is unclear which fraction of these cells remains in the naive T
cell pool (17). The contribution of RTEs and peripheral T cell
proliferation to the maintenance of the naive T cell pool can only
be determined by studying the fate of newly produced T cells. In
vivo labeling with stable isotopes in combination with appropri-
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ate mathematical analysis of these data provides a way to obtain
T cell decay and production rates and to follow the fate of
recently produced T cells. Data on stable isotope labeling of
naive and memory human T cells (18-22) are available, but
several short-comings of these studies hamper their interpreta-
tion: (i) the short-term labeling period, which did not allow for
sufficiently high labeling levels of naive cells (19, 21, 22); and (it)
the lack of delabeling curves in long-term labeling studies (20),
which would have shown whether recently produced T cells
contribute to the T cell pool under investigation or rapidly
disappear by death or activation; and (iii) the frequent use of the
precursor-product relationship (20, 23, 24), leading to underes-
timation of the extent of T cell turnover (25). Using the
precursor-product relationship one measures the net accrual of
label and ignores the possibility that cells were produced and lost
during the labeling period because of a short life span.

Here, we combined long term in vivo stable-isotope labeling
and label-decay studies of T cells to obtain sufficient levels of
labeling and sufficient data points to allow for reliable parameter
fitting, using a mathematical model to estimate naive T cell
production and loss rates. Our analyses showed a slow accumu-
lation of label within the naive T cell pool, due to low daily
production of naive T cells with a very long half-life. These data
are incompatible with the presence of a substantial short-lived
RTE pool in human adults.

Results

Thymic Output in Mice. Because the main focus of this study was
to establish the role of thymic output and peripheral T cell
proliferation in the maintenance of the naive T cell pool, we first
studied whether thymic output—and more specifically, a rapidly
turning over RTE pool—could be detected by using the 2H,O-
labeling technique. It is generally accepted that young rodents
have considerable thymic output (26, 27). BrdU-labeling, TREC
dynamics and thymic engraftment in mice have revealed that the
RTE pool of mice has a fast turnover (10, 15), with an average
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Fig. 1. Thymic output is important for the maintenance of the naive T cell
pool in young mice and can be quantitated by using 2H,0 labeling. (A and B)
Absolute numbers of total (A) and naive (B) CD4 and CD8 T cells in spleen of
three control (black bars) and four thymectomized (open bars) animals 14-16
weeks after time of surgery. (C) Accumulated 2H,0-labeling in naive CD4 and
CD8 T cells of the same euthymic and athymic mice after a 9- to 10-week
labeling period. Data are displayed as mean = standard error of the mean (n =
3-4). *, P=0.05 is considered significant. (D) Percentage of Ki67* cells within
the naive CD4 and naive CD8 T cell pool of control (®) and thymectomized (+)
mice at different time points before and after thymectomy.

life span of only 3 weeks (9, 12). We first investigated whether
this rapidly turning over RTE pool can be detected in young male
mice, using the 2H,O-labeling technique, and compared euthy-
mic and thymectomized mice to establish to what extent RTEs
affect the labeling within the naive T cell pool.

Thymectomy of 7-week-old mice resulted in a severe and signif-
icant reduction in absolute CD4 and CDS8 T cell counts in lymph
nodes (LNs) and spleen compared with both age-matched controls
(Fig. 14) and sham-thymectomized mice (data not shown). Taking
into account the natural reduction in T cell numbers in peripheral
lymphoid organs during aging, the fastest decrease in T cell counts
was seen in the first 3 weeks after thymectomy. Between 3 and 8
weeks after thymectomy, the number of naive CD4 and CDS8 T cells
continued to decline more rapidly than in euthymic mice, whereas
at later time points they decreased at approximately similar rates in
thymectomized and euthymic mice. Fourteen to 16 weeks after
surgery naive CD4 T cells were reduced by 73% (P = 0.029) in
spleen and 77% (P = 0.029) in LNs, whereas naive CD8 T cells were
reduced by 67% (P = 0.029) in spleen and 70% (P = 0.029) in LNs
(Fig. 1B and data not shown).

2H,0 labeling of young (12- to 13-week-old) euthymic mice for
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9-10weeks resulted in 71 * 3% up-labeling for naive CD4 T cells
and 50 = 1% for naive CD8 T cells in the spleen (Fig. 1C).
Comparable fractions of labeled cells were found in the LNs
(data not shown). This high degree of labeling in T cells could
be due to substantial peripheral proliferation of naive T cells
and/or reflect output of labeled thymocytes. To discriminate
between these possibilities, mice were thymectomized at the age
of 7 weeks and submitted to the long-term 2H,O-labeling
protocol 5 to 6 weeks later. In the absence of thymic output the
fraction of labeled naive T cells after 10 weeks up-labeling was
2-3-fold reduced (23 * 3% for naive CD4 T cells; 24 = 1% for
naive CD8 T cells, P = 0.05) (Fig. 1C). Interestingly, the fraction
of cycling (Ki67") naive T cells was not altered in athymic mice
(Fig. 1D). This indicates that the difference in labeled naive T
cells between euthymic and thymectomized mice reflects the
amount of label that was acquired while dividing in the thymus.
Collectively, these data demonstrate that thymic output can be
measured by using ?H,O labeling. Furthermore, the observation
that thymectomy led to a significantly reduced fraction of labeled
cells and a significant loss of naive T cells confirms that, in young
mice, RTEs contribute substantially to the naive T cell pool.

2H,0 Labeling in Human Volunteers. Next we aimed to determine the
role of thymic output and peripheral T cell proliferation in the
maintenance of the naive T cell pool and the turnover rate of the
memory T cell pool in five adult humans between 20 and 25 years
of age. During the 9-week up-labeling period and subsequent
16-week down-labeling period, blood samples were drawn at 14
time points. Absolute numbers of CD4 and CD8 T cells and the
fraction of naive CD45RO~CD27" and memory CD45RO* CD4
and CD8 T cells were measured, and these fractions were sorted for
measurement of deuterium enrichment in the DNA. In addition, we
measured ex vivo proliferation by the expression of the proliferation
marker Ki67 within these same naive and memory T cell popula-
tions to exclude the possibility that episodes of overt immune
activation affected turnover rates. Characteristics of the healthy
volunteers are given in supporting information (SI) Table S1.

Body Water and Granulocyte Enrichment. As a measure for body
water enrichment during up- and down-labeling, we quantified
2H,0 enrichment in urine at each time point. At the earliest time
points after start of 2H,O labeling, body water enrichment had not
yet reached its maximum level, whereas shortly after cessation of
label body water was still found to be enriched. Therefore, we
modeled the body water enrichment curves (see SI Text and Fig. S1)
and corrected for these best fits when analyzing the enrichment in
the different cell populations. Because granulocytes are known to
turnover rapidly, labeling of the granulocyte population of each
individual was measured to estimate the maximal level of label
intake that cells could possibly attain (see SI Text and Fig. S1).
Furthermore, because DNA baseline enrichment is not only de-
termined by naturally occurring extremely low 2H,O enrichment,
but also by the more abundant naturally occurring heavy carbon
atoms, we also longitudinally measured a negative control who did
not drink 2H,O, which pointed out that background fluctuations
were negligible (data not shown).

Turnover of Naive and Memory CD4 and CD8 T Cells. First of all, all
labeling data of the different T cell subsets were divided by the
estimated maximum granulocyte enrichment of each volunteer (see
SI Text). The mathematical model was used to fit the corrected data,
and to determine the average turnover rate (p) and the average rate
at which labeled cells were lost from the population (d). It is
important to realize that the accrual of label during label admin-
istration is truly representative of the T cell population as a whole,
whereas the loss of label after label cessation is only based on those
cells that have picked up label by cell division. Therefore, we based
our analyses on a so-called kinetic heterogeneity model in which the
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Fig. 2.

Best fits of the naive and memory CD4 and CD8 T cell enrichment curves. Label enrichment was scaled between 0 and 100% by normalizing for the

percentage label obtained in granulocytes (see S/ Text). In the graph, the end of the labeling period is marked by a vertical line.

average turnover rate of the T cell population is not necessarily
equal to the loss rate of labeled cells (28).

The median turnover rates of naive CD4 and CD8 T cells were
found to be as low as p = 0.0005 and 0.0003 per day, corre-
sponding to median half-lives of 1,517 and 2,374 days for naive
CD4 and CD8 T cells, respectively (Fig. 2 and Tables 1 and 2).
The turnover rates of memory CD4 and CDS8 T cells were found
to be ~10-fold higher, i.e., p = 0.0045 and 0.0028 per day,
corresponding to half-lives of 155 and 244 days for memory CD4
and CD8 T cells, respectively. Using the individual naive CD4
and CDS8 T cell counts revealed a median naive CD4 T cell
production of 8.2 X 107 cells per day and a median naive CD8
T cell production of 2.4 X 107 per day (Table 3). Because this
daily production of new naive T cells is the sum of thymic output
and homeostatic proliferation within the naive T cell pool, our
data provide an upper estimate of daily thymic production of
1.7 X 108 T cells per day (see Table 3).

The median rates at which labeled memory CD4 and CDS8 T cells
were lost from the memory population were found to be 0.0145 and
0.0098 per day, respectively. Interestingly, in none of the individuals
did we find a significant loss of labeled naive CD4 or CDS8 T cells
during the 16 weeks after cessation of label (Fig. 2 and Table 1),
indicating that newly produced naive T cells—whether produced by
the thymus or by peripheral T cell proliferation—had a longer
expected life span than the average naive T cell. Our data are
therefore not compatible with the presence of a substantial short-
lived RTE pool in adult healthy humans.

Discussion

By in vivo labeling of T cell subsets using 2H,O and mathematical
analysis of label enrichment, our data provide reliable estimates for
the average turnover rates of naive and memory CD4 and CD8 T
cells in healthy adults. Although isotope labeling studies in humans

Vrisekoop et al.

are typically restricted to blood, it has been reported that labeling
kinetics in human T cells derived from blood and lymphoid tissues
are comparable (29). Label incorporation in T cells derived from
mouse peripheral lymph nodes and spleen was also similar (un-
published data). Seemingly, there is little difference in labeling of
the analyzed T cell subsets derived from the different lymphoid
compartments.

The very low accumulation of label in naive T cells (<5%) that
we observed after 9 weeks of up-labeling is compatible with the
data reported by Hellerstein et al. (20). Our median estimated
half-lives between 1,517 and 2,374 days for naive T cells and
between 155 and 244 days for memory T cells are, however, much
longer than previous estimates based on stable-isotope labeling,
which varied from 112 to 361 days for naive T cells and from 14
to 235 days for memory T cells (25). The use of T cell death rates,
which overestimate T cell turnover because of the bias toward
cells that have recently divided (30), and the lack of data points
during the up-labeling phase in previous short-term labeling
experiments might explain these discrepancies. Michie ez al. (6)
used the presence of T cells with dicentric chromosomes after
radiation to measure the half-life of naive and memory T cells.
They estimated a half-life of 182 days for CD45RO™" and 630
days for CD45RA™ T cells. Because CD45RA* T cells can
contain a substantial fraction of effector (CD45SRA*CD27")
cells, we additionally used CD27 expression on CD45RA* T
cells to identify naive T cells. This difference in definition of the
naive subset may explain the difference in the estimated life
spans between these studies. Furthermore, it is conceivable that
the half-lives of T cells were affected by radiation.

The origin of variation in the calculated half-lives of the adult
humans is unknown: No relation was found between this parameter
and T cell counts, Ki67 expression, or age. The relative differences
in calculated half-lives were, however, in the same range as the

PNAS | April 22,2008 | vol. 105 | no.16 | 6117

IMMUNOLOGY


http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=STXT

Lo L

P

1\

BN AN PNASN D

6118

Clbwmomowmumon o
Slocoos N
ER=R=-R=-E-E-E=-E=
[ e
S| ococococ oo oo
P
oY onNST SN
S—-—odunmmnmAN
SO0 909090~ O —
=]
2929292929 °
NOoONOOT LN —
oo ooFTaNN
w| oSS oo oo
]
SSocoooogo
ceeeeeee
OO MO LW W
SO0 T NN
ISE=-R-E-E-B~E=E=
]
coocoocoococoo
P
T OMNN—AN
SNOMNOAN W
So0oO0—0O0—onN
]
292992929 °
Mo —oSo<T N~
O O O O «— I~ «— I~
NS Soocoo
]
Scooogogogogogo
ceeeeeee
ST OMSE NN O —
OO0 O0OAN=—«— < L
SO0 9090 O
Qo eooooao-Q
Scoocococococo
P
NMoaST oo m
OWe—~—SMS M
SO0 —ON O —
]
= 29929929
=] NO MO wWwOon o O
<) oo oo NWOANT
R ARE-E-E-E=R=-E=E=]
= ]
° Scoocoooogo
ceeeeeee
- MO WO LWLSD
oo oomsm®
ISE=-R-E-E- ==
]
Scoococococoo
N~ s s s~~~
NoamooNmMO©
ONOOSW©OWN®WM
SooooNO Y
]
79333333
s dddhad
cE-E-R-RECE-
R -E-E-R-R= =
=]
cocoogooogo
> ceeeeeee
© N MmO oWO®oOo S
o oo o0OSmMmo Vo
S oo SO0 —Om
] ]
o coococococoo
)
0
[} Moo= mnho©
— OO WmWWN AN
- o—-— 90 o0ooNOO
7] =]
] Ccoooooc o oo
T 1T 1T 1 1T 1 11
< NO MO O W —
o OO0 OO W —
| 9SS S0 =900
‘e ]
cococogooogo
" ceeSeeeSee
3 DO T ONM— 1N
=4 oY oowonNwW
© S oo OO NO O
]
a cocoocoocococoo
o
h-]
c
S
P Q
K 2
- Tl QT QT QT QT
] <
-
o >
£
o
o
>
o
c + +
= < 0
= + + a o
- 38 9 ¢
- O ] e fa
) ) 1) e e
= == =2 § £
© v | © ©
[ oz z = =

| www.pnas.org/cgi/doi/10.1073/pnas.0709713105

Depicted are turnover rates (p) and loss rates of labeled cells (d) per day as estimated by the mathematical model. The 95% confidence intervals (in parentheses) were determined by bootstrapping (44), resampling

the residuals 500 times.

Table 2. Half-lives of naive and memory CD4+ and CD8* T cells

Individual
Cell A B C D E Median
Naive CD4" 801 1,517 2,374 1,899 1,187 1,517
Naive CD8* 1,737 2,762 1,341 2,398 2,374 2,374
Memory CD4+ 104 119 204 402 155 155
Memory CD8* 327 116 202 359 244 244

Depicted are half-lives (In2/p) in days derived from the mathematical
model.

differences in the other parameters that we and others have
measured (31).

The maximum total daily naive T cell production in our five
healthy volunteers of 13.1 X 107 CD4 T cells and 3.5 X 107 CD8 T
cells implies that the thymus in human adults is exporting maximally
1.7 X 108 T cells per day. Part of the labeling of the naive T cell
population may, however, also be due to peripheral T cell prolif-
eration. The estimated total daily naive T cell production is in close
agreement with the daily accumulation of 10® naive T cells in
patients with a depleted T cell pool (8, 32), which suggests that
thymic output and naive T cell proliferation do not homeostatically
respond to that level of peripheral T cell depletion. Still, the
production of naive T cells in such depleted situations might be
underestimated because naive T cells may transit more rapidly to
the memory pool.

Our analyses also enabled us to follow the fate of recently
produced cells. In the memory T cell population, we found that
the decay rate of labeled cells is higher than the average
production rate, indicating that the turnover of cells that picked
up label was higher than the turnover of the average cell in the
memory population. This finding is in line with previous labeling
studies, which all showed that the loss of labeled cells exceeded
their production (28, 30, 33). Unexpectedly, we found that this
was not the case for the naive T cell population, because no
significant loss of labeled cells was observed in any of the five
individuals during the 16 weeks after label cessation. Thus, newly
produced (i.e., labeled) naive T cells, whether produced by the
thymus or by peripheral proliferation, tended to live longer than
the average cell in the naive T cell population. This implies that
newly produced naive T cells were preferentially incorporated
into the peripheral naive T cell pool, which contradicts the
notion of a substantial short-lived RTE pool in human adults.

To be sure that administration of 2H,O would efficiently label
thymic emigrants, we performed ?H,O labeling in euthymic and
thymectomized mice. Studies have shown that thymic output in
young rodents is substantial (26, 27), and TREC dynamics, BrdU
labeling, and thymic engraftment have demonstrated that the RTE
pool in mice has a fast turnover (9, 10, 12, 15). In line with previous
studies, we found that thymectomy in young mice gives a consid-
erable reduction in peripheral naive T cell numbers already within
3 weeks after thymectomy (34, 35), indicating an important con-
tribution of RTEs to the naive T cell population in young mice.

Table 3. Total production of naive T cells per day

Individual
Cell A B C D E Median
cb4+ 11.50 5.36 2.24 8.19 13.10 8.19
CcD8* 2.53 1.51 2.39 2.07 3.53 2.39
Total 14.03 6.87 4.63 10.26 16.63 10.26

Total production of naive T cells per day (X 107), calculated as p X [the naive
T cell count per liter blood] X [5 liter blood] X 50, assuming that 2% of
lymphocytes reside in the blood (45).

Vrisekoop et al.
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Thymectomy induced a 2- to 3-fold decrease in labeled naive T cells,
showing that the H,O protocol successfully labeled RTEs in
euthymic mice.

In thymectomized mice, T cell numbers were severely reduced.
It has been described that, under lymphopenic circumstances,
homeostatic naive T cell proliferation and conversion to a
memory phenotype occurs (36). Whether reversion of memory
T cells to a naive phenotype occurs, is still unclear (37). Because
no increase in the fraction of Ki67* naive or effector/memory T
cells was observed in thymectomized mice, the residual labeling
of naive T cells is most likely not due to homeostatic proliferation
or reversion. For the human study, we can formally not rule out
the possibility of conversion; but, because we performed the
study in healthy persons with normal T cell counts, one may
expect very low conversion and reversion rates.

Our data shed a different light on thymic output and RTE
dynamics. In contrast to the observations by Berzins et al., which
suggested that, in young mice, an excess of short-lived RTE:s is
produced that is displaced 3 weeks after export from the thymus
(12), we found that, in human adults, RTEs are rare and
long-lived and thus remain in the peripheral T cell pool. The
advantage of a short-lived RTE pool has been proposed to be
the continuous supply of T cells with a diverse repertoire to the
long-lived resident naive T cell pool (38). The preferential
incorporation of RTEs into the resident naive T cell pool that we
here describe for human adults seems a much more efficient way
to continuously rejuvenate the naive T cell pool and repertoire
than a daily excess production of RTEs with a very short life
span. However, the unfortunate consequence of this sparse
production of long-lived naive T cells is that naive T cell supply
may be limiting in clinical conditions of chronic T cell depletion,
and—because of the increasing life expectancy—even in healthy
elderly, which may have severe clinical consequences.

Taken together, our data confirm the presence of a significant
RTE pool with rapid turnover in young mice, whereas in human
adults recently produced naive T cells are rare and long-lived.

Materials and Methods

Mouse Studies. Mice. C57BL/6 mice were maintained by in-house breeding at the
Netherlands Cancer Institute (Amsterdam) under specific pathogen-free condi-
tionsin accordance with institutional and national guidelines. To exclude possible
gender effects, we only used male mice in this study.

Thymectomy. Seven-week-old male C57BL/6 mice were anesthesized by i.p. injec-
tion with Hypnorm (0.4 mg/kg fentanyl citrate and 12.5 mg/kg fluanisone; Jans-
sen Animal Health) and Dormicum (6.3 mg/kg; Roche). The mouse was placed in
supine position, and its limbs and maxilla were taped to a surgical board. The skin
was prepped with 70% alcohol. A midline incision was made from the lower
cervical region to the level of the fifth rib. The skin was loosened, and the salivary
glands were pushed laterally. Directly adjacent to the sternum the two upper ribs
were cut, thereby exposing the thymus. Vacuum suction was applied to remove
the organ. The skin was closed by interrupted sutures, and the animals were
warmed until recovery from anesthesia. Postoperative survival was 85%. The
completeness of thymectomy was confirmed by visual inspection both directly
after removal of the organ and at the conclusion of the experiment.

2H,0 labeling protocol. Twelve- to 13-week-old animals obtained one boost
injection (i.p.) of 15 ml/kg with 99.8% 2H,0 (Cambridge Isotopes) and were
subsequently fed with 4% 2H,0 for 9 or 10 weeks (control and thymectomized
mice, respectively).

FACS staining and cell sorting. Because of the limited amount of blood that can be
drawn from mice and the amount of cells needed for GUMS analysis, we were
unable to isolate enough cells of each T cell subset from blood derived from
(thymectomized) mice. Therefore, thymus, spleen and (axillary, brachial, ingui-
nal, and superficial cervical) LNs were isolated from 21- to 23-week-old thymec-
tomized and control C57BL/6 mice. Single-cell suspensions were obtained by
mechanical disruption. Red blood cells were lysed with ammonium chloride
solution [155 mM NH,4Cl, 10 mM KHCO3, and 0.1 mM EDTA (pH 7.4)]. Cells were
washed, resuspended in IMDM/7 % FCS, and counted. Cells (5 X 10° per well) were
seeded in 96-well plates in FACS staining buffer (PBS/1% FCS) and stained with
CD4-PerCP or CD8-PerCP, CD44-APC, and CD62L-PE (BD PharMingen) in the
presence of blocking 2.4G2 mAb (CD16/CD32). After incubation with Cytofix/
cytoperm solution (BD PharMingen), the cells were incubated with Ki67-FITC or
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IgG-FITC (BD) in 0.1% saponin (in FACS staining buffer). Cells were analyzed on a
LSR Il flow cytometer and with BD PharMingen FACSDiva software. For logistical
reasons, splenocytes were left overnight at room temperature, and stained the
next day for CD4-PerCP, CD8-FITC, CD44-APC, and CD62L-PE (BD PharMingen).
Cell recovery after overnight storage was usually 77%. Preferential loss of par-
ticular T cell subsets was not observed. Naive (CD62L*, CD44") cells were sorted
by using a FACSAria cell sorter and FACSDiva software (BD PharMingen). Purity of
the sorted cells was 81-97% for naive CD4 T cells (average: 96% for control vs.
83% for thymectomized mice) and 86-99% for naive CD8 T cells (average: 98%
for control vs. 88% for thymectomized mice). Granulocytes were isolated by
density gradient centrifugation of blood, using a combination of histopaque-
1119 and Ficoll-paque followed by red blood cell lysis. Granulocytes and thymo-
cytes were frozen until further processed.

Statistical analysis. The Mann-Whitney test was performed to determine dif-
ferences between mouse groups. All statistical analyses were performed by
using the software program SPSS 12.0. Differences with P = 0.05 were con-
sidered significant.

Human Studies. Subjects and in vive 2H,0 labeling protocol. Five healthy male
volunteers (characteristics of the T cell compartment of these volunteers are given
in Table S1) were submitted to the AMC hospital to receive the initial adminis-
tration dose of 10 ml of 2H,0 per kilogram of body water in small portions
throughout the day. Body water was estimated to be 60% of body weight. As a
maintenance dose, the subjects daily drank 1/8 of this initial dose at home for 9
weeks. Blood and urine were collected before labeling, after the boost of label at
the end of day 0, and six times during the labeling protocol. In addition, during
the down-label phase of 16 weeks blood and urine were collected seven times. All
patients were healthy and were asked to answer a questionnaire to exclude (a
high risk of) infections and immunomodulatory medication. This study was
approved by the medical ethical committee of the Academic Medical Center, and
written informed consent was obtained from all volunteers.

Flow cytometry and cell sorting. Absolute CD4 and CD8 T cell counts were
determined by dual-platform flow cytometry.

Peripheral blood mononuclear cells (PBMC) were obtained by Ficoll-Paque
density gradient centrifugation from heparinized blood and cryopreserved
until further processed. Peripheral blood T cell proliferation in CD4 and CD8
T cell subsets was studied by flow-cytometric measurements of Ki67 nuclear
antigen, as described in refs. 39-41.

Tomeasure the fraction of labeled cells within the naive (CD45RO~CD27") and

memory (CD45RO*) CD4 and CD8 T cell population, cryopreserved PBMC were
thawed and incubated with monoclonal antibodies (mAb) to CD45RO-FITC
(Caltag), CD27-PE, CD4-PerCP, and CD8-APC (BD PharMingen). The specified cell
fractions were isolated by cell sorting on a MoFlow high speed cell sorter or on a
FACSAria (BD PharMingen). Purity of the sorted cells was, on average, 96% for
naive CD4 and CD8 T cells, 95% for memory CD4* T cells, and 91% for memory
CD8 T cells.
Measurement of 2H,0 enrichment in body water and DNA. Deuterium enrichment
in urine was measured by a method adopted from Previs et al. (42). The isotopic
enrichment of DNA was measured according to the method described by Neese
et al. (18) with minor modifications. Briefly, DNA was enzymatically hydrolyzed
into deoxyribonucleotides, after which the deoxyadenosines were purified by
using a SPE column. The adenosine residue was captured by cation resin, and the
deoxyribose was derivatized to deoxyribosepentane-tetraacetate (PTA) before
injection into the gas chromatograph (6890 series; Agilent Technologies). The
mass of the derivate was measured by positive chemical ionization mass spec-
trometry (5973 MSD; Agilent Technologies) at m/z 245 (Mo) and 246 (M). Because
M is known to be concentration-dependent, we first used the peak area at My to
determine the suspected natural abundance for each sample (43). The enrich-
ment (EM;) was subsequently determined by dividing the peak area at M1 by the
total peak area (M7 +My) after subtraction of the corrected natural abundance
from the measured M, enrichment. We first fitted the urine enrichment data of
each individual to a simple label enrichment/decay curve (see Fig. S1 and Table
S2). The best fits for urine enrichment were incorporated when analyzing the
enrichment in the different cell populations. Up- and down-labeling of the
granulocyte population of each individual was analyzed mathematically to de-
termine the maximal level of label intake that cells could possibly attain (see Fig.
S1 and Table S3). The average turnover rate and the loss rate of labeled cells in
each T cell subset were determined after normalization by this granulocyte
maximum (see S/ Text). For ease of the procedure, mouse thymocytes were used
(if available) to determine the maximal level of label intake. In thymectomized
mice the enrichment of fully turned-over granulocytes was used as indicator,
because maximal label enrichment in mouse thymocytes and granulocytes was
found to be similar.

Supporting Information. The mathematical model is described in S/ Text. The

characteristics of the T cell compartment of the human volunteers are de-
scribed in Table S1. Fig. S1shows the best fit for urine and relative granulocyte

PNAS | April 22,2008 | vol. 105 | no.16 | 6119

IMMUNOLOGY


http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=ST3
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0709713105/DCSupplemental/Supplemental_PDF#nameddest=SF1

Lo L

N

P

2N

IS

enrichment. Tables S2 and S3 give the estimated parameters for urine and
granulocytes, respectively. Deuterium enrichment in urine and in the DNA of
granulocytes and T cell subsets (EM,) of all individuals is given in Dataset S1.
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